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Secondary lymphoid tissues provide specialized
niches for the initiation of adaptive immune re-
sponses and undergo a remarkable expansion in
response to inflammatory stimuli. Although the for-
mation of B cell follicles was previously thought to
be restricted to the postnatal period, we observed
that the draining mesenteric lymph nodes (mLN) of
helminth-infected mice form an extensive number
of new, centrally located, B cell follicles in response
to IL-4Ra-dependent inflammation. IL-4Ra signaling
promoted LTa1b2 (lymphotoxin) expression by
B cells, which then interacted with CCL19 positive
stromal cells to promote lymphoid enlargement and
the formation of germinal center containing B cell
follicles. Importantly, de novo follicle formation func-
tioned to promote both total and parasite-specific
antibody production. These data reveal a role for
type 2 inflammation in promoting stromal cell remod-
eling and de novo follicle formation by promoting B
cell-stromal cell crosstalk.
INTRODUCTION
Secondary lymphoid tissues exhibit a highly organized structure
characterized by a central T cell zone and a periphery in which
B cell follicles are in close contact with the subcapsular sinus
(SCS) (Mueller and Germain, 2009). Stromal cells play multiple
roles in lymphoid tissues, acting as structural cells in addition to
secreting chemokines that direct T and B cells to their respective
territories. The B cell zone contains CD35 positive follicular den-
dritic cells (FDCs), which trap immune-complexed antigens,
promote B cell migration and clear apoptotic B cells from the
germinal center (Heesters et al., 2014). The T cell zone harbors
a rich network of podoplanin (Pdpn) positive fibroblastic reticular
cells (FRCs), which provide a scaffold along which recirculating
T and B cells migrate and secrete extracellular matrix proteins
to form conduits that transport small lymph borne antigens fromCe
This is an open access article under the CC BY-Nthe SCS to the underlying B cell follicles and T cell zone (Baje´noff
and Germain, 2009; Roozendaal et al., 2009; Sixt et al., 2005).
FRCs also coordinate the interaction of T cells and dendritic cells
(DCs) by virtue of their expression of the chemokines CCL19 and
CCL21 (Siegert andLuther, 2012) and regulate T cell homeostasis
and tolerance through the production of the survival factor inter-
leukin-7 (IL-7) (Link et al., 2007) and the expression of major his-
tocompatibility complex (MHC) proteins (Fletcher et al., 2010).
More recently, FRCs were shown to regulate T cell expansion
via the secretion of the soluble mediator, nitric oxide, and to sup-
portB cell survival through the secretion ofB-cell activating factor
(Cremasco et al., 2014; Siegert and Luther, 2012).
The initiation of adaptive immune responses involves
lymphoid swelling resulting from the rapid trapping of naive
T and B cells in response to inflammatory stimuli (Yang et al.,
2014). FRCs are known to expand (Acton et al., 2014; Astarita
et al., 2015; Yang et al., 2014) and to proliferate in response to
inflammation, and the proliferation phase involves the delivery
of LTbR signals to the stromal cells by incoming T and B cells
(Yang et al., 2014). The activation and expansion of FRCs has
been reported to be necessary for the generation of protective
anti-viral immunity (Chai et al., 2013; Cremasco et al., 2014);
however, their impact on host immunity against pathogens that
elicit type 2 inflammation remains unknown.
Intestinal helminths represent a major global health problem,
infecting approximately 2 billion people worldwide, with children
harboring the largest worm burdens. These parasites typically
elicit type 2 inflammation and often form chronic infections (Be-
thony et al., 2006). The natural murine helminth, Heligmoso-
moides polygyrus bakeri (Hpb), serves as an excellent laboratory
tool for the evaluation of host-helminth interactions and has been
used extensively to broaden our understanding of protective im-
munity against these organisms (Harris, 2011). Primary infection
leads to chronic infection in susceptible C57BL/6J mice; howev-
er, the adult worms are eventually expelled from the intestine by
a process that requires CD4+ T cells and type 2 immunity (Mohrs
et al., 2001). Thereafter, mice are resistant to repeated infec-
tions, with helminth-specific antibodies playing a crucial role in
this process (McCoy et al., 2008; Wojciechowski et al., 2009).
In the current study, we used flow cytometry and whole-slide
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Figure 1. Hpb Infection Triggers mLN Swelling and De Novo B Cell Follicle Formation
C57BL/6J mice were infected with Hpb, and the entire chain of the mLN was collected at 0 (naive), 12, and 21 dpi.
(A) Total cellularity and size of themLN from naive or infectedmice; data represent mean ± SEM, pooled from three independent experiments with nR 3mice per
group.
(B–D) Total number of B cells (B), CD4+ T cells (C), andCD8+ T cells (D) inmLN as determined by flow cytometry. Data represent mean ±SEM fromone experiment
and are representative of two independent experiments with nR 3–4 mice per group.
(E) Whole-length mLN cryosections showing single and combined staining of B cells (green, B220+) and T cells (red, CD3+) in naive or infected mice. Scale bar,
1,000 mm.
(F) Numbers of B cell follicles (B220+) were counted on a graphic tablet at higher magnification; data represent mean ± SEM pooled from two independent
experiments (n = 4 mLN/time point).
(G) mLN cryosections showing combined staining for germinal center B cells (red, GL7+) and nuclei (DAPI; blue), or combined overlay staining for germinal center
B cells (magenta, PNA+) and FDCs (blue, CD35+) in naive or infected mice. Scale bar, 200 mm.
(legend continued on next page)
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visualize the structural organization and function of the hemato-
poietic and non-hematopoietic (stromal) compartments of the
draining mesenteric lymph node (mLN) following chronic Hpb
infection. We observed a profound remodeling of the mLN,
including the de novo formation of centrally located, germinal
center containing, B cell follicles, and the remodeling and prolif-
eration of FRCs. IL-4Ra signaling lead to the indirect activation of
CCL19 positive stromal cells by promoting the upregulation of
lymphotoxin expression on B cells and thereby promoting B
cell-stromal cell crosstalk. B cell-stromal cell crosstalk was
necessary for de novo follicle formation and functioned to pro-
mote antibody production in response to the invading helminth.
RESULTS
Intestinal Helminth Infection Results in a Dramatic
Swelling of the mLN and the Formation of New B Cell
Follicles
We have previously reported that the mLN, which drains directly
from the small intestine, forms the primary site for the generation
of inflammatory type 2 immune responses following Hpb
infection, with inflammation peaking between days 10 and 14
following infection and slowly diminishing thereafter (Mosconi
et al., 2015). In keeping with these data, we found thatHpb infec-
tion resulted in a profound increase in the size and cellularity of
themLN (Figure 1A), including increased numbers of B cells (Fig-
ure 1B), CD4+ T cells (Figure 1C), and to a lesser extent CD8+
T cells (Figure 1D). Although the numbers of B cells remained un-
changed from 12 to 21 days post-infection (dpi), the number of
T cells significantly decreased during this period with B cells
therefore representing the dominant lymphocyte population at
later time points. Staining of cryosections with antibodies spe-
cific for B220 (green panel) and CD3 (red panel) revealed an ex-
pected microarchitecture in naive mice with B cell follicles
located at the periphery of the mLN, and a central paracortical
region rich in T cells (Figure 1E, left panel).Hpb infection resulted
in a dramatic alteration of lymphoid structure characterized by
a profound increase in the number of B cell follicles and the
reorganization of T cell zones to tightly encompass these newly
formed follicles (Figures 1E, middle and right panels, and 1F).
Infection also resulted in an increase in the number and size of
follicles containing germinal center B cells (PNA+ or GL7+) and
FDCs (CD35+ or FDC-M1+) (Figures 1G, S1A, and S1B). To
further substantiate our histological findings that new B cell
follicles formed within the T cell-rich central region of the mLN,
we imaged thick sections (up to 500 mm) taken from the center
of the node and subjected to optical clearing (Ke et al., 2013)
(Figure S1C). Imaging using light sheet microscopy clearly
showed the presence of B cell follicles deep within the mLN (Fig-
ure 1H;Movie S1). Together these data demonstrate that chronic
Hpb infection results in dramatic changes to mLN organization,
including the de novo formation of centrally located B cell
follicles.For (E) and (G), images are representative of three or more experiments with at l
(H) 3D view ofmLN showing B cell follicle organization (B220+ cells). Images are rep
and ****p < 0.0001 (ANOVA, Bonferroni’s multiple comparison test).
See also Figure S1 and Movie S1.Infection-Induced Swelling of the mLN Is Accompanied
by Stromal Cell Proliferation and Re-organization
We next asked whether the observed changes in hematopoietic
compartments were accompanied by corresponding alterations
in stromal cell subsets. Fluorescence-activated cell sorting
(FACS) analysis revealed a significant increase in total CD45
negative (CD45–) stromal cells ofR4-fold at 12 and 21 dpi (Fig-
ure 2A), which was comparable to the R5-fold increase in
lymphocyte numbers seen at these time points (Figures 1B–
1D). This included significant increases in Pdpn+CD31– FRCs,
Pdpn+CD31+ lymphatic endothelial cells (LECs), Pdpn–CD31+
blood endothelial cells (BECs), and Pdpn–CD31– double-nega-
tive (DN) cells (thought to include FRC precursors) (Chai et al.,
2013) (Figures 2B–2E and S2A). Pdpn+CD31 FRCs made up
the majority of the stromal cell population in infected mice,
with proliferation likely contributing to their expansion as an
increased proportion of these cells expressed Ki-67 in infected
mice (Figure 2F).
Histological analysis of serial mLN sections revealed the pres-
ence of a FRC network (identified as Pdpn, CD140a [also known
as PDGFR-a], ER-TR7, and laminin positive cells) (Link et al.,
2007), which formed an interconnected structure in the T cell-
rich area of both naive and infected mice, and which surrounded
the newly formed B cell follicles in infected mice (Figure 2G). The
total area of the mLN occupied by FRCs significantly increased
following Hpb infection (Figure S2B). We further confirmed
stromal cell remodeling around the newly formed central B cell
follicles by imaging thick mLN sections of tissue taken form the
center of the node. 3D reconstruction using IMARIS confirmed
the reorganization of stromal network (positive for ER-TR7+)
around B cell follicles (Figures 2H and S2C; Movies S2 and
S3). In contrast to the mLN, Peyer’s patches from infected
mice exhibited an overall enlargement in cellularity but no orga-
nizational alterations in either the hematopoietic or stromal cell
compartments (Figure S2D).
Closer analysis of the Pdpn+ laminin+ FRC network of the
draining mLN revealed the presence of a ridge around the
mantle of newly formed B cell follicles, which tightly surrounded
the germinal center (GL7+) B cells and supported interactions
between naive B cells (immunoglobulin D+ [IgD+]) and T cells
(CD3+) (Figures 3A, 3B, and S3A). Higher magnification visualiza-
tion reveled that FRCs formed intimate contacts with both naive
B cells and T cells within this region (Figure S3B). We could also
detect T cells within the germinal center (Figures 3A and 3B),
most likely represented by the previously described IL-4-pro-
ducing T follicular helper cells (TFH) known to be expanded in
response to Hpb infection (King and Mohrs, 2009).
FRCs contain both T cell zone fibroblastic reticular cells and
marginal zone reticular cells (MRCs) (Yang et al., 2014). The latter
are normally located in the SCS and can be identified by their
selective expression of podoplanin, MadCAM-1, and RANKL
(Cremasco et al., 2014; Katakai et al., 2008; Yang et al., 2014).
B cell follicle development is known to require the presence ofeast two to three mice/group/time point.
resentative of two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001,
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CXCL13-producing FDCs (Wang et al., 2011), and Jarjour et al.
(2014) recently described that FDCs can arise from the clonal
expansion and differentiation of MRCs, which are also capable
of producing CXCL13 (Katakai et al., 2008). Analysis of these
cells in our experiments revealed that in the naive state MRCs
(identified as Pdpn+MadCAM1+RANKL+) can be found bellow
the SCS region but not in the paracortical region of the mLN (Fig-
ure S3C). During Hpb infection, MRCs expanded and migrated
away from the SCS to enter the central regions of the mLN (Fig-
ure 3C, boxes 2–4). This migration of MRCs away from the SCS
coincided with the de novo formation of FDC-containing B cell
follicles within the same region (Figures 1E and 1G). In light of
the findings of Jarjour et al. (2014), our observations raise the
intriguing possibility that MRC migration into the central regions
of the mLN contributes to the de novo formation of centrally
located follicles. Taken together, these indicate that helminth
infection drives profound stromal cell remodeling in the mLN
including MRC migration and the expansion and re-organization
of FRCs to surround newly formed and centrally located B cell
follicles.
IL-4Ra Is Required for mLN Swelling and Remodeling
following Intestinal Helminth Infection
IL-4 receptor alpha (IL-4Ra) signaling via IL-4 and IL-13 serves
as a prime nexus point in driving protective type 2 immunity
following Hpb infection (Finkelman et al., 2004; Urban et al.,
1998), prompting us to examine the impact of this pathway
on the observed changes to mLN organization. Naive IL-4Ra
knockout (IL-4Ra–/–) mice exhibited normal mLN weight, cellu-
larity, and central T cell zone versus peripheral B cell zone
organization (Figures 4A–4D). In response to infection the
mLN of IL-4Ra–/– animals exhibited slight increases in weight
and cellularity, although this was decreased as compared to
wild-type mice (Figures 4A–4C and S4A). IL-4Ra–/– animals
also failed to reorganize the T cell compartment, and, although
B cell follicles present in naive IL-4Ra–/– animals contained
FDCs, these mice failed to generate new FDC-containing
B cell follicles in central region of the mLN, or to produce
increased amounts of CXCL13 (Figures 4D and S4B–S4D).
Furthermore, IL-4Ra–/– mice had reduced level of total and
parasite-specific IgG1 (Figures S4E and S4F) and IgE (Figures
S4G and S4H) antibodies in response to infection. FRC net-
works in IL-4Ra–/– mice looked normal under naive conditions;
however, these mice failed to exhibit the expected increase in
FRC density following infection (Figures 5A and 5B), correlatingFigure 2. Hpb Infection Promotes the Expansion and Re-organization
C57BL/6J mice were infected with Hpb, and the entire chain of the mLN was co
(A–E) CD45– stromal cell populations (frequency of total live cells) (A), fibroblas
Pdpn+CD31+) (C), blood endothelial cells (BECs, Pdpn–CD31+) (D), and double-
flow cytometry; values represent mean ± SEM (n = 8–12 mice) and are pooled fr
(F) Representative dot plot analysis of FRCs (pre-gated on live cells that are CD
(Ki67+Pdpn+). Each panel represents one individual mouse.
(G)WholemLN cryosections showing single and combined stainings for the strom
positivity. Scale bar, 1,000 mm.
(H) Confocal images showing a 3D view of FRC (ER-TR7+) remodeling around B
Images are representative of five different experiments with nR 2 mice/group/tim
See also Figure S2 and Movies S2 and S3.with a decrease in the total number and proliferation of these
cells (Figures 5C and 5D). These data unveil a previously un-
identified role for IL-4Ra signaling in promoting stromal cell
expansion and lymphoid re-organization.
To examine the possible mechanism(s) by which IL-4Ra
signaling promotes stromal cell expansion and de novo follicle
formation, we investigated which cells expressed this receptor.
As expected, IL-4Ra expression was clearly detectable on the
surface of hematopoietic cells and increased significantly
following infection (Figures S5A and S5B). By contrast, only a
very small proportion of mLN stromal cells expressed IL-4Ra,
with no expression on FRCs (Figure S5A).
FRC proliferation is known to be promoted by lymphotoxin-
expressing hematopoietic cells (Lu and Browning, 2014; Yang
et al., 2014), and it has been previously reported that Hpb infec-
tion increases lymphotoxin expression on lymphocytes (Leo´n
et al., 2012). We therefore investigated whether IL-4Ra signaling
acted to modulate lymphotoxin expression by staining hemato-
poietic cells with soluble LTbR-Fc (Leo´n et al., 2012; Yang
et al., 2014). A small proportion of B cells, CD4+ T cells, and to
a lesser extent CD8+ T cells from the mLN of naive mice ex-
pressed LTbR ligands, and this increased in all populations
following Hpb infection of WT but not IL-4Ra–/– mice (Figures
5E, 5F, and S5C–S5G). Among these, isotype switched and
germinal center B cells represented the greatest majority of lym-
photoxin-expressing cells (Figure 5G). The LTbR ligand present
on B cells in Hpb-infected mice was confirmed as lymphotoxin,
and not LIGHT, as LTbR-Fc binding could be completely
reversed by inclusion of a blocking anti-LTb monoclonal anti-
body (mAb) (Figure S5H). To investigate whether IL-4 could act
directly on B cells to promote lymphotoxin expression, we acti-
vated purified naive B cells in vitro by cross-linking surface IgM
in the presence or absence of IL-4. Stimulation of naive B cells
with anti-IgM resulted in enhanced expression, and this was
further amplified by addition of IL-4, but not interferon (IFN)-g
(Figure 5H). These results demonstrate a role for IL-4Ra in indi-
rectly promoting lymphoid stromal expansion and remodeling
and raise the possibility that this occurs via the ability of IL-4 to
promote B cell lymphotoxin expression.
B Cells Represent the Primary Source of Lymphotoxin
Required for FRC Expansion and Remodeling
To further investigate whether B cell expressed lymphotoxin is
necessary for stromal cell expansion and lymphoid remodeling
following Hpb infection, we utilized a mixed bone marrowof Stromal Cells in the mLN
llected at 0 (naive), 12, and 21 dpi.
tic reticular cells (FRC, Pdpn+CD31–) (B), lymphatic endothelial cells (LECs,
negative (DN, Pdpn– CD31–) cells (E) in mLN. All data were determined using
om three independent experiments.
45–TER119–Pdpn+Ki67+CD31–) showing the frequency of proliferating FRCs
al network represented by FRCs as defined by Pdpn (red) and PDGFR-a (green)
cell follicles.
e point. Pdpn, podoplanin; B, B cell follicle; T, T cell zone. Scale bar, 100 mm.
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Figure 3. FRCs Provide a Scaffold for B and T
Cells within the Mantle of Follicles Present in
the mLN of Hpb-Infected Mice
C57BL/6J mice were infected with Hpb, and the
entire chain of the mLN was collected at 21 dpi.
(A) mLN cryosections showing single and combined
immunofluorescence staining for naive B cells
(green, IgD+GL7–), T cells (red, CD3+), germinal
center B cells (blue, IgD–GL7+), and FRCs (white,
IgD–GL7–CD3–Pdpn+laminin+). The white circles
represent the outer border of the B cell germinal
center (GC). Scale bar, 100 mm.
(B) Combined overlay immunofluorescence of the
image depicted in the box shown in (A) detailing the
cellular arrangements of naive B cells, T cells, GC
B cells, and the FRC network. Box 1 shows FRCs
(white) surrounding GC B cells (blue); box 2 shows
FRCs (white) within the T cell (red)-rich area; boxes
3 and 4 show the interaction of naive B cells (green)
with T cells (red) together with FRCs (white). Scale
bar, 100 and 20 mm as shown below the images.
(C) mLN cryosections showing single and combined
immunofluorescence staining for an FRC subset,
marginal reticular cells (MRCs) identified as
Pdpn+MadCAM1+RANKL+. Images are shown from
the capsule edge (box 1) as well as from center of the
mLN (boxes 2–4) for comparison. Large arrows
represent the FRCs surrounding B cell follicles (as
depicted in A and B), while small arrows indicate
MRCs present within the same region. Scale bar, 200
and 50 mm as shown below the images. Images are
representative of three different experiments with
nR 3 mice/group/time point.
See also Figure S3.
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Figure 4. mLN Swelling and De Novo Follicle Formation in Response to Hpb Infection Requires IL-4Ra Signaling
C57BL/6J (WT) and IL-4Ra–/– (KO) mice were infected with Hpb, and the entire chain of the mLN was collected at day 0 (naive) and 21 dpi.
(A–C) Total weight and size (A), cellularity (B), and CD45+ cell number (C) from naive or infected mice. Data are pooled from two independent experiments
(n = 3–6 mice per group) and represent mean ± SEM. nd, not detectable. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 (ANOVA, Bonferroni’s multiple
comparison test).
(D) mLN cryosections showing combined immunofluorescence staining for B cells (B220, green) and T cells (CD3, blue). Images are representative of three or
more experiments with at least three mice/group/time point. The areas outlined in dotted white lines represent the intact central T cell zone; while red circles
represent B cell follicles. Scale bar, 1,000 mm.
See also Figure S4.chimera approach in which lethally irradiated wild-type (WT)
mice were reconstituted with bonemarrow cells from B cell-defi-
cient (JHT–/–) or T cell-deficient (TCRbd–/–) mice and mixed with
bone marrow cells from LTb–/– mice at a 5:1 ratio. This resulted
in the generation of animals in which either B cells (JHT–/– +
LTb–/–) or T cells (TCRbd–/– + LTb–/–) specifically lacked the ability
to express surface lymphotoxin. Mixed bone marrow chimeras
using WT donors were also generated as controls (JHT–/– + WT
and TCRbd–/– + WT).All groups of mice exhibited a normal lymphoid structure with
T and B cell segregation and FRC-rich paracortical T cell zone
under naive conditions (Figure S6A). Strikingly, mice in which
B cells selectively lacked lymphotoxin failed to form new cen-
trally located B cell follicles (Figure 6A) containing FDC positive
germinal centers (Figures 6B and S6B) following Hpb infection.
These animals also failed to expand the FRC network in
response to Hpb infection (Figures 6A–6C), and FRCs did not
re-organize to surround the B cell follicles (Figure 6D). ByCell Reports 15, 1527–1541, May 17, 2016 1533
Figure 5. FRC Expansion and Re-organiza-
tion in Response to Hpb Infection Requires
IL-4Ra Signaling, which Promotes Lympho-
toxin Expression on Lymphocytes
C57BL/6J (WT) and IL-4Ra–/– (KO) mice were in-
fected with Hpb, and the entire chain of the mLN
was collected at day 0 (naive), 12, and 21 dpi.
(A) Immunofluorescence images showing stromal
reticular network as defined by Pdpn (red) and
ERTR-7 (green) expression. Insets show higher
magnification of stromal reticular fibers within the
T cell zone. Images are representative of four or
more experiments with at least three mice/group/
time point. Scale bar, 200 and 20 mm.
(B) Quantitation of the mLN area occupied by
ERTR-7+ reticular fibers. Data represent mean ±
SEM (n = 4–6 images/mLN from two mice/time
point).
(C and D) FRC number (C; live cells,
CD45Pdpn+CD31) and FRC proliferation
(D; Pdpn+CD31Ki67+) were determined by flow
cytometry with gating on Pdpn+CD31– cells. Data
represent mean ± SEM and are representative of
three independent experiments with nR 2–4 mice
per group. *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001 (ANOVA, Bonferroni’s multiple
comparison test).
(E and F) Absolute cell numbers of B cells (E) and
representative contour plots (F) showing flow cy-
tometry analysis of the ability of B220+ B cells to
bind LTbR-Fc chimeric protein. Each panel rep-
resents one individualmouse and is representative
of three independent experiments (n = 3–5 mice
per group/time point).
(G) Absolute cell numbers of IgM–IgD+ naive
B cells, IgM– isotype switched (IS) B cells or GL7+
germinal center (GC) B cells exhibiting positive
staining for LTbR-Fc.
(H) LTbR-Fc binding to B cells cultured in vitro in
the presence of sIgM (10 mg/ml) and IL-4 or IFN-g
(10 ng/ml). Data are representative of three inde-
pendent experiments (n = 3–5 mice per group/
time point). *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001 (ANOVA, Bonferroni’s multiple
comparison test).
See also Figure S5.contrast, mice specifically lacking lymphotoxin expression on
T cells were indistinguishable from their control counterparts
(Figures 6A–6D and S6). Taken together, these data indicate
that B cell-derived, but not T cell-derived, lymphotoxin plays a1534 Cell Reports 15, 1527–1541, May 17, 2016crucial role in promoting FRC expansion
and de novo follicle formation in response
to Hpb infection.
LTbR Expression by CCL19Cre
Positive Stromal Cells Is Necessary
for Lymph Node Remodeling and
Antibody Production following
Intestinal Helminth Infection
In order to assess the contribution of de
novo follicle formation to antibody pro-duction, we made use of a BAC transgenic mouse model that
drives expression of the Cre recombinase under the control of
the CCL19 promoter (CCL19–Cre) known to be selectively active
in FRCs (Chai et al., 2013). CCL19–cre mice were crossed to
LTbRfl/fl mice to generate animals in which the LTbR was selec-
tively lost on FRCs. CCL19–cre 3 LTbRfl/fl mice exhibited a
severely impaired ability to generate new B cell follicles following
Hpb infection (Figures 7A and 7C), and those follicles that did
form contained less FDCs compared to wild-type mice (Figures
S7A–S7D). CCL19–cre 3 LTbRfl/fl mice also exhibited a reduced
ability to expand and reorganize FRCs aroundB cell follicles (Fig-
ures 7B and S7E–S7H). This coincided with reduced lymph node
swelling (Figure 7D) and attenuated production of both total and
helminth-specific IgG1 (Figures 7E and 7F) and IgE (Figures 7G
and 7H) antibodies. These data validate our earlier findings
that lymphoid remodeling and de novo follicle formation requires
stromal cell activation via the LTbR pathway. They further indi-
cate that de novo follicle formation is necessary for the efficient
production of antibodies in response to helminth infection.
Interestingly, examination of the intestines of CCL19–cre 3
LTbRfl/fl mice revealed that these mice also developed fewer
type 2 granulomas (Figure 7I), although this did not reach signif-
icance. They also harbored greater numbers of adult worms at
late time points following infectionwhen the host normally begins
to expel these organisms (Figure 7J). Both granuloma develop-
ment and worm expulsion are known to be dependent on
effector Th2 cells following primary infection with Hpb (Anthony
et al., 2006; Morimoto et al., 2004), indicating that CCL19–cre 3
LTbRfl/fl mice also failed to properly activate effector CD4+ Th2
cells.
DISCUSSION
The initiation of adaptive immune responses relies on inflamma-
tory cues and involves the accumulation of increased numbers of
T and B cells within the draining lymph node. These changes go
hand in hand with an expansion of the stromal cell network that
both guides and accommodates the lymphocyte influx. Here, we
report that IL-4Ra-dependent type 2 inflammation, resulting
from intestinal helminth infection, drives both the swelling and
cellular re-organization of the draining mLN. We provide evi-
dence that infection induced mLN remodeling requires IL-4Ra
signaling, which functions to promote lymphotoxin expression
by hematopoietic cells. Bone marrow chimeras specifically lack-
ing lymphotoxin expression on B cells revealed a critical role for
interaction of these cells with LTbR-expressing CCL19+ stromal
cells. B cell-stromal cell interactions were necessary for stromal
cell expansion and de novo follicle formation, which together
functioned to promote antibody production in response to hel-
minth infection.
Immunity to Hpb requires IL-4Ra (Wojciechowski et al., 2009),
and CXCR5-expressing DCs and T cells localize adjacent to
B cell areas to promote Th2 differentiation (Leo´n et al., 2012).
Our study supports these findings and additionally provides
new data revealing a role for IL-4Ra signaling to B cells to
promote lymphotoxin expression that allows B cell-stromal
cell crosstalk. Such crosstalk was necessary for lymph node
enlargement, stromal cell proliferation, and the formation of the
new centrally located B cell follicles that supported antibody pro-
duction. FRCs are known to form conduits that deliver small an-
tigens to the T cell zone and to B cell follicles (Roozendaal et al.,
2009); thus, it is likely that the dense FRC networks we observe inthe follicle mantle also serve to deliver soluble parasitic antigens
to the germinal center. The presence of a FRC conduit network
around newly formed B cell follicles may be particularly relevant
for Hpb infection as the adult worm is localized within (and
limited to) the small intestinal lumen, and the most highly immu-
nogenic proteins are found within its secreted products
(Grainger et al., 2010; Hewitson et al., 2013; Massacand et al.,
2009).
De novo formation of B cell follicles has only previously been
reported during neonatal lymphoid organogenesis where B cells
enter T cell-rich lymphnodes, a fewweeks after birth, to formnew
B cell follicles (Baje´noff and Germain, 2009). Follicle formation
during lymphoid organogenesis also involves lymphotoxin-ex-
pressing B cells that provide signals to LTbR-expressing stromal
cells (Gonzalez et al., 1998; Kumar et al., 2010), with the newly
arrived B cells displacing the existing T cells and FRCs thus
creating a ‘‘cortical ridge’’ that surrounds the newly formed folli-
cle (Katakai et al., 2004). Whether this phenomenon in adult mice
is limited to settings of type 2 inflammation, or whether it also
occurs in response to other stimuli (i.e., type 1 inflammation) re-
mains to be determined. B cell follicles have been reported to
trespass into the T cell zone in response to adjuvant elicited
inflammation (Mionnet et al., 2013), and Leo´n et al. (2012) have
previously reported that DCs and T cells re-localize near B cell
areas following Hpb infection, although this was not observed
following influenza infection (Leo´n et al., 2012). Although IFN-g
expression has been previously reported to promote lympho-
toxin expression on CD4+ T cells (Luther et al., 2002; Schneider
et al., 2004), we did not observe a role for IFN-g in promoting lym-
photoxin expression on B cells activated in vitro. Nevertheless, it
would of great interest to investigate the impact of type 1 inflam-
mation on mLN re-organization and de novo follicle formation
following intestinal infection with bacterial or viral pathogens.
Although it is not clear exactly how new B cell follicles are
formed in response to Hpb, it is likely that B cell-expressed lym-
photoxin also activates MRCs as we observed a dramatic
expansion and migration of these cells in Hpb-infected mLN.
MRCs and FRCs are thought to arise from a common precursor,
and their development during lymphoid organogenesis relies on
LTbR signaling (Roozendaal and Mebius, 2011), with MRCs also
able to transform into FDCs (Jarjour et al., 2014). FDCs can pro-
duce CXCL13 in response to LTbR signaling (Katakai et al., 2008;
Roozendaal and Mebius, 2011), and this cytokine is crucial for
follicle establishment and B cell retention within germinal centers
(Wang et al., 2011). We observed reduced FDC-containing folli-
cles and CXCL13 production in the absence of IL-4Ra signaling,
raising the possibility that IL-4Ra-mediated upregulation of lym-
photoxin expression by B cells following Hpb infection promotes
de novo follicle formation by driving MRC expansion, migration,
and conversion to FDCs. Our hypothesis that IL-4a signaling pro-
motes stromal cell remodeling via the action of IL-4 on B cells is
supported by data showing that IL-4 promotes lymphotoxin
expression on B cells in vitro, and our finding that Hpb-induced
B cell lymphotoxin expression is abrogated in IL-4Ra-deficient
mice. However, it would be of great interest to investigate the
impact of Hpb infection on mice that lack IL-4Ra specifically
on B cells in order to validate the relevance of this pathway for
stromal cell activation and remodeling in vivo.Cell Reports 15, 1527–1541, May 17, 2016 1535
Figure 6. BCell-Derived Lymphotoxin Is Required for DeNovo Follicle Formation and TCell Zone Stromal Cell Expansion in Response toHpb
Infection
Mixed bone marrow chimeras were generated using lethally irradiated wild-type (WT) recipients reconstituted with bone marrow cells from B cell-deficient
(JHT–/–) or T cell-deficient (TCRbd–/–) mice mixed with bone marrow cells from LTb–/– mice at a 5:1 ratio. Resulting animals lacked surface lymphotoxin
expression on B cells (JHT–/– + LTb–/–) or T cells (TCRbd–/– + LTb–/–) and were compared to control mice receiving B or T cell-deficient bone marrow mixed
with WT bone marrow cells (JHT–/– + WT and TCRbd–/– + WT). All mice were infected with Hpb, and the entire chain of the mLN was collected at day 0 (naive)
and 21 dpi.
(legend continued on next page)
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Lymphotoxin-expressing B cells also interact directly with
FRCs to promote FRC expansion and remodeling, such that
these cells from a ring around the follicle mantle where they
interact extensively with both T and B cells. Lymphotoxin-
dependent B cell-stromal cell crosstalk was crucial for effective
immunity against Hpb, as infection of CCL19–cre3 LTbRfl/fl mice
resulted in a failure to expel the parasite at late time points post
infection, and also lead to a reduction in the formation of new
B cell follicles and the production of IgG1 and IgE antibodies.
CCL19–cre 3 LTbRfl/fl mice have previously been shown to form
lymph nodes and to normally segregate the T and B cell com-
partments under naive conditions (Chai et al., 2013), and this
finding was confirmed in our present study. Thus, a requirement
for LTbR signaling on CCL19+ stromal cells distinguishes
de novo follicle formation in response to helminth infection
as being distinct from that occurring during neonatal lymphoid
organogenesis.
Attenuation of both de novo follicle formation and antibody
production in CCL19–cre 3 LTbRfl/fl mice indicates that de novo
follicle formation functions to support antibody production.
While antibodies have little impact on the expulsion of adult
worms following primary Hpb infection (McCoy et al., 2008),
they are crucial for resistance of immune mice against repeated
infections with the parasite. This is especially important for intes-
tinal helminths, as the largemajority of parasitic helminth species
do not replicate within their host and parasite burdens within a
host increase as a result of constant re-infection. De novo follicle
formation may also serve to increase the area of T-B cell
interaction thus promoting the establishment of an effector Th2
response (Leo´n et al., 2012). This hypothesis is in keeping with
our observation that CCL19–cre 3 LTbRfl/fl mice exhibited
increased worm burdens following primary infection when
worm expulsion is primarily driven by type 2 cytokines. Although
the studies reported here were limited to the impact of B cell-
stromal cell crosstalk on FRC expansion and follicle formation,
it would also be of great interest to investigate the impact of
LTbR-mediated FRCs activation on other immune parameters,
or whether FRCs and B cells additionally talk to other stromal
cell types.
While lymphoid remodeling and de novo follicle formation
appear to enhance immunity against Hpb, it is unclear whether
this would have a beneficial or detrimental impact on heterolo-
gous immune responses occurring against unrelated intestinal
pathogens and antigens. Further exploration in this area would
be of high interest given the frequency and perceived importance
of co-infections on host immunity. Indeed, important pathogens(A) mLN cryosections from infected mice showing combined immunofluorescenc
magnification images show the boxed area within the T cell zone and were stained
ERTR-7 (green). Nuclei are counterstained using DAPI (blue).
(B) The total number of B cell follicles (B220+) that were also positive for FDCs (FD
are presented as mean ± SEM (n = 4 mLN/time point).
(C) Immunofluorescence images from the T cell zone of infectedmLNwere acquire
Pdpn+ in the T cell zone was determined and expressed as the percentage of to
symbol represents an individual T cell zone. The total numbers of T cell zones (n =
each group.
(D) Combined overlay immunofluorescence images from infected mLN showing n
stromal cell associated matrix (blue, Laminin+). Scale bar, 50 mm.
See also Figure S6.like Plasmodium species and HIV often overlap in geographic
distribution with intestinal helminths (Mulu et al., 2015; Salgame
et al., 2013), and loss of FRCs has previously been associated
with compromised immunity against HIV infection (Zeng et al.,
2011).
In summary, our data have revealed a role for IL-4Ra signaling
in promoting lymphotoxin expression by B cells that allows
B cell-stromal cell crosstalk and promotes lymph node swelling
and de novo follicle formation. We also show that de novo follicle
formation is necessary for the development of effective adaptive
immunity following intestinal helminth infection. The finding that
inflammation can drive the formation of new B cell follicles in
adult lymphoid organs may have wide ranging implications
for our understanding of lymphoid plasticity and the generation




All animal experiments were approved by the Service de la consommation et
des affaires ve´te´rinaires (1066 E´palinges, Canton of Vaud, Switzerland) with
the authorization numbers VD 2238.1, VD 3001, and VD1612.3.
Mice Strains, Parasites, and Treatments
C57BL/6J (WT) mice were obtained from Charles River Laboratories. JHT–/–,
IL-4Ra–/– mice were bred and maintained on the C57BL/6J background under
specific pathogen-free (SPF) conditions at E´cole Polytechnique Fe´de´rale de
Lausanne (EPFL), Switzerland. LT-b–/– and TCRbd–/– mice (C57BL/6J back-
ground) were maintained at the E´palinges animal facility, University of Lau-
sanne, Switzerland. Stromal cell-specific LTbR–/– mice (CCL19–cre 3 LTbRfl/fl)
were described previously (Chai et al., 2013). All experimental mice were aged
between 8 and 12 weeks and both age and sex matched for individual exper-
iments. Mice subjected to intestinal helminth infection were given 200 L3 stage
parasites by oral gavage and sacrificed at 12 or 21 days post-infection (dpi).
Parasite numbers were determined by counting of adult worms within the in-
testine and its contents using a stereomicroscope.
Enzymatic Digestion of Mesenteric Lymph Nodes
For flow cytometric analysis, mLN were processed as previously described
with slight modifications (Cremasco et al., 2014; Fletcher et al., 2011). Briefly,
mLN from individual mice were dissected and placed in cold RPMI-1640 on
ice. After all lymph nodes were dissected, the RPMI-1640 was removed and
replaced with 3–5 ml of freshly made digestion mixture comprised of RPMI-
1640 containing 0.8 mg/ml Dispase, 0.2 mg/ml Collagenase P (both from
Roche), and 0.1 mg/ml DNase I (Invitrogen). Tubes were incubated at 37C
and gently inverted at 10-min intervals to ensure the contents were well mixed.
After 15 min, lymph nodes were gently dispersed into a single-cell suspension
using a 1-ml pipette. The large fragments were allowed to settle for 60 s, after
which the enzyme mix was complemented with 5 ml of ice-cold FACS buffere images staining for B cells (B220, green) and T cells (CD3, magenta). Higher
for stromal cells as defined by expression of Pdpn (red) and the matrix marker
C-M1+) were determined on a graphic tablet at higher magnification, and data
d and segmented using ImageJ software, and the number of pixels specific for
tal pixels in each area occupied by Pdpn. Data represent mean ± SEM. Each
19–37) used for quantification were pooled from three different lymph nodes for
aive B cells (green, IgD+) and germinal center B cells (red, GL7+) together with
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(2% fetal calf serum [FCS], 5 mM EDTA in PBS) before centrifugation
(1,200 rpm, 5 min, 4C). 5 ml of fresh enzyme mix was added to the digestion
tube, and the digestion mix was vigorously mixed using a 1 ml pipette every
5 min until it was clear that all remaining lymph node fragments were
completely digested. The cells were filtered through a 40-mm cell strainer,
counted, and used for FACS staining.
Flow Cytometry and Antibodies
After the enzymatic digestion of mLNs, cells were resuspended in FACS buffer
(PBS containing 2% FBS and 5mM EDTA) and were incubated for 30 min with
antibodies to the various markers as detailed in Table S1. The samples were
acquired on a BD-LSRII machine and analyzed using FlowJo (v.10.0.6).
Histology and Immunofluorescence Microscopy
The entire length of the mesenteric lymph node chain was carefully dissected,
weighed, imaged, and embedded in Tissue-Tek optimum cutting temperature
compound (OCT) (Thermo Scientific) and then frozen in an ethanol dry ice bath.
Serial cryostat sections (8 mm in thickness) were collected over a span of
400 mm depth on Superfrost Plus glass slides (Fisher Scientific), air–dried,
and fixed for 10–15 min in ice-cold acetone. After rehydration in PBS, sections
were blocked with 1% (w/v) BSA and 1%–4% (v/v) normal mouse and donkey
serum, followed by treatment with a streptavidin-biotin blocking kit (Vector
Laboratories). Immunofluorescence staining was performed using antibodies
(listed in Table S2) diluted in PBS containing 1% (w/v) BSA and 1% (v/v) normal
mouse serum. Sections were incubated with primary antibodies overnight at
4C. The following day, sections were washed three times in PBS, and primary
antibodies were detected by incubating sections with fluorescently labeled
secondary antibodies, and nuclei were counterstained with DAPI prior to
mounting of the sections using ProLong anti-fade reagents (Life Technolo-
gies). Stained sections were then imaged after 24 hr.
Image Acquisition and Processing
Images were acquired on an Olympus VS120-SL full slide scanner using a 203
/0.75 air objective and an OlympusXM10 B/W camera or LSM710 (203/1.2 or
403/1.4 using regular photomultiplier tubes (PMTs), 1-a.u. pinhole, Z spacing
1–10 mm) laser scanning confocal microscope. Each image was acquired us-
ing the indicated fluorescent channels and the same exposure time/PMT gain
employed across different samples. The resulting image file (z1GB) (.VSI) was
downsampled when extracted using the VSI reader action bar developed by
the EPFL BioImaging & Optics Platform (BIOP). For generation of the final im-
ages comparing different samples (i.e., naive versus infectedmLN), the images
were further downsampled (43), each fluorescent channel was set to the same
brightness and contrast, the lymph node chain was outlined, and the channels
were montaged using ImageJ/Fiji such that the final image represented the in-
dividual and overlay of all channels. Alternatively, images were directly pro-
cessed using Olympus slide scanner software (OlyVIA v.2.6) after adjusting
the brightness and contrast settings so that they remained the same across
all samples compared. For quantitative measurements, immunofluorescence
images from naive and infected mice mLN were acquired using LSM710
confocal microscope and segmented using the ImageJ/Fiji pipeline. A
threshold-based approach was used to measure the areas specific for podo-
planin or ERTR-7 and expressed as the percentage of total area occupied byFigure 7. LTbR Expression by CCL19–cre Positive Stromal Cells Is Re
Production following Hpb Infection
(A and B) CCL19–cre3 LTbRfl/fl mice were infected withHpb, and the entire chain o
naive and 21 dpi showing combined immunofluorescence staining for B cells (B
mLNs collected form two independent experiments with at least n = 2–3mice/gro
showing combined immunofluorescence staining for Pdpn (blue) and ER-TR7 (red
experiments with at least n = 2–3 mice/group/time point. Scale bar, 1,000 mm.
(C–J) CCL19–cre3 LTbRfl/fl and C57BL/6 mice were infected with Hpb and mice s
cryosections were counted on a graphic tablet at higher magnification as describ
dpi, and antibody levels for (E) total IgG1, (F) HES-specific IgG1, (G) total IgE, and
adult intestinal worm numbers (J) were determined at 12 and 21 dpi as described
experiments and expressed as mean ± SEM n = 3–6 mice per group. *p < 0.05,
See also Figure S7.the given marker. For quantifying the number of B cell follicles, mLN sections
were stained with anti-B220, anti-CD35, and/or anti-GL7 antibody and were
imaged using Olympus slide scanner. After image acquisition, B cell follicles
were counted at high magnification using a graphic tablet based on B220+
staining. For each group, data were pooled from two independent experiments
(n = 2 to 3 mLN/time point/experiment) and represented as mean ± SEM. The
ImageJ/Fiji macros are available on demand. The final figure panels (graphs
and images) were arranged and converted to .TIF file (LZW compression) using
Adobe Photoshop CS5.
Vibratome Sections
Isolated mLNs were fixed overnight at 4C in freshly prepared 1% parafor-
maldehyde in PBS, washed, and embedded in 2% (w/v) low-melting agarose
(Sigma-Aldrich) in PBS. 500-mm sections were cut with a vibratome (Microm
HM 650V) and were used for staining. These thick sections were blocked
with blocking buffer (as described previously) overnight and stained for at
least 96 hr with the primary antibodies listed in Table S2, followed by exten-
sive washing in PBS before incubation with fluorescently labeled secondary
antibodies. After staining, samples were cleared using fructose as described
previously (Ke et al., 2013). After clearing, vibratome sections were imaged
using light sheet microscope (Zeiss) with 203 objective in a 80.2% fructose
solution. The 3D reconstruction and movies were made using IMARIS
(Bitplane).
Bone Marrow Chimeras
Bone marrow (BM) from donor mice was obtained from the femur and tibia
by crushing bones with a mortar. BM cells were injected intravenously into
C57BL/6J (WT) recipient mice previously irradiated two times with 450 rad
with a 4-hr interval. All mice were maintained in specific pathogen-free con-
ditions. For the generation of mice in which B cells lack lymphotoxin expres-
sion (B-Ltb–/–) and B-WT chimeras, C57BL/6J recipients were reconstituted
with 80% JHT bone marrow plus 20% Ltb–/– bone marrow or with 80%
JHT bone marrow plus 20% WT bone marrow, respectively. For the genera-
tion of mice in which T cells lack lymphotoxin expression (T-Ltb–/–) and T-WT
chimeras, C57BL/6J recipients were reconstituted with 80% TCR-bd bone
marrow plus 20% Ltb–/– bone marrow or with 80% TCR-bd bone marrow
plus 20% WT bone marrow. Mice received the antibiotic ‘‘Baytril 10%’’
(1/1,000) in the drinking water for 4–8 weeks following bone marrow reconsti-
tution and where subjected to Hpb infection at 812 weeks following
reconstitution.
ELISAs
Serum titers of total or Hpb L5 excretory secretory products (HES) reactive
IgG1 and IgE were determined as previously described (McCoy et al., 2008).
Briefly, Nunc MaxiSorp 96-well plates were coated with either 1 mg/ml anti-
IgE (BioLegend 406902), 5 mg/ml anti-IgG1 (Southern Biotech 1070-01) or
1–10 mg/ml HES, and incubated overnight at 4C. Serum samples were added
the next day and incubated overnight at 4C, before the addition of 1 mg/ml
alkaline-phosphatase-conjugated anti-IgE (Southern Biotech 1130-04) or
anti-IgG1 (Southern Biotech 1070-06). 4-Nitrophenyl phosphate sodium salt
hexahydrate (Sigma) was used as a substrate and the colorimetric reaction
was read at 405 nm on a Benchmark Plus spectrophotometer (Bio-Rad).quired for mLN Swelling De Novo Follicle Formation and Antibody
f the mLN collected at day 0 (naive), 12, and 21 dpi. (A) mLN cryosections from
220, green) and T cells (CD3, magenta) are shown. Images are representative
up/time point. Scale bar, 1,000 mm. (B) mLN cryosections from naive and 21 dpi
) are shown. Images are representative mLNs collected form two independent
acrificed at day 0 (naive), 12, or 21 dpi. (C) The number of B cell follicles in mLN
ed in Figure 1. (D) mLN weight. (E–H) Serum was collected at day 0, 12, and 21
(H) HES-specific IgE were determined by ELISA. Intestinal granulomas (I) and
in Experimental Procedures. (C–J) All data are pooled from two independent
**p < 0.01, ***p < 0.001, and ****p < 0.0001 (Mann-Whitney test).
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In Vitro B Cell Stimulation
Freshly purified mesenteric lymph node B cells (B220 negative selection kit;
Miltenyi) were cultured in complete RPMI-1640medium overnight before stim-
ulation. After overnight resting phase cells were stimulated in presence of sIgM
(10 mg/ml) (AffiniPure F(ab0 )2 fragment goat anti-mouse IgM, Jackson Immu-
noResearch) with or without rIL-4/rIFN-g (10 ng/ml), PeproTech. After 72 hr
of culture cells were washed twice with PBS and stained for surface LTbR-
Fc as described previously (Yang et al., 2014).
RNA Isolation and qRT-PCR Analysis
mLNweremashed through a 40-mmfilter using a 5-ml syringe plunger, with the
filtered cells representing the soluble cellular part and the remainingwhitemat-
ter left on strainer representing stromal fraction. RNA was extracted with a
Direct-zol RNA MiniPrep kit (Zymo Research) and reverse transcribed using
RevertAid cDNA synthesis reagents (Thermo Scientific) for qPCR analysis.
qPCR was performed using SYBR Green I Master Mix (Eurogentec) on an
Applied Biosystems 7900HT System.
Statistical Analysis
Statistical analyses were performed using a non-parametric Mann-Whitney
test, one-way or two-way ANOVA as indicated and with post-tests as appro-
priate. p values are indicated as *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001, or ns (statistically not significant). Graph generation and statistical an-
alyses were performed using Prism version 6 software (GraphPad).
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